Studies were carried out to identify and quantify the porcine follicular fluid (PFF) component(s) responsible for inhibition of murine oocyte maturation. A low molecular weight fraction of PFF (<1000) was prepared by dialysis and used in all experiments. This PFF fraction contained an inhibitor(s) of mouse oocyte maturation that absorbed maximally in the ultraviolet (UV) range at 250-260 mn. When the PFF fraction was charcoal-extracted, significant loss of absorbance at 250, 260, and 280 nm resulted, which corresponded to loss of inhibitory activity. Four major components of PFF were separated by ion-exchange chromatography and characterized according to their UV spectral characteristics and inhibitory activity. When individual fractions demonstrating identical spectra were pooled and analyzed by highperformance liquid chromatography, the first pooled fraction (A) was found to be impure, but adenine comprised 80% of the UV-absorbing material. Fractions B, C, and D were characterized as pure uracil, hypoxanthine, and 7-methylinosine, respectively. The concentrations of these compounds in PFF were estimated to be 0.06 mM adenine, 0.44 mM uracil, 1.41 mM hypoxanthine, and 0.19 mM 7-methylinosine. Comparison of the potencies of commercial preparations of these compounds established that hypoxanthine is the major inhibitory component of the low molecular weight PJFF fraction. Moreover, a commercial preparation of hypoxanthine mimicked the action of PFF on mouse oocyte maturation in that it produced a transient inhibition of oocyte maturation that was significantly potentiated by follicle-stimulating hormone and dibutyryl cyclic adenosine monophosphate. When the inhibitory efficacies of purine and pyrimidine bases and nucleosides were compared, their relative potencies in decreasing order were purine bases > purine nucleosides > pyrimidine bases = pyrimidine nucleosides. We conclude that hypoxanthine is the predominant low molecular weight component of PFF that inhibits mouse oocyte maturation but that other purines/pyrimidines may also play a role in vivo in maintaining meiotic arrest.
ABSTRACT
Studies were carried out to identify and quantify the porcine follicular fluid (PFF) component(s) responsible for inhibition of murine oocyte maturation. A low molecular weight fraction of PFF (<1000) was prepared by dialysis and used in all experiments. This PFF fraction contained an inhibitor(s) of mouse oocyte maturation that absorbed maximally in the ultraviolet (UV) range at 250-260 mn. When the PFF fraction was charcoal-extracted, significant loss of absorbance at 250, 260, and 280 nm resulted, which corresponded to loss of inhibitory activity. Four major components of PFF were separated by ion-exchange chromatography and characterized according to their UV spectral characteristics and inhibitory activity. When individual fractions demonstrating identical spectra were pooled and analyzed by highperformance liquid chromatography, the first pooled fraction (A) was found to be impure, but adenine comprised 80% of the UV-absorbing material. Fractions B, C, and D were characterized as pure uracil, hypoxanthine, and 7-methylinosine, respectively. The concentrations of these compounds in PFF were estimated to be 0.06 mM adenine, 0.44 mM uracil, 1.41 mM hypoxanthine, and 0.19 mM 7-methylinosine. Comparison of the potencies of commercial preparations of these compounds established that hypoxanthine is the major inhibitory component of the low molecular weight PJFF fraction. Moreover, a commercial preparation of hypoxanthine mimicked the action of PFF on mouse oocyte maturation in that it produced a transient inhibition of oocyte maturation that was significantly potentiated by follicle-stimulating hormone and dibutyryl cyclic adenosine monophosphate. When the inhibitory efficacies of purine and pyrimidine bases and nucleosides were compared, their relative potencies in decreasing order were purine bases > purine nucleosides > pyrimidine bases = pyrimidine nucleosides. We conclude that hypoxanthine is the predominant low molecular weight component of PFF that inhibits mouse oocyte maturation but that other purines/pyrimidines may also play a role in vivo in maintaining meiotic arrest.
Meiosis is initiated in the mammalian oocyte during fetal development but becomes arrested at the dictyate stage of prophase I at about the time of birth. This meiotic arrest is maintained throughout the period of oocyte and follicular growth, and the fully grown oocyte resumes meiotic maturation in vivo only in response to the proper gonadotropin stimulation or atretic conditions. However, when germinal vesicle stage mammalian oocytes are removed from the ovary, meiotic maturation resumes spontaneously in vitro (1, 2) . The mechanism responsible for the relief of meiotic arrest in vivo is not known, but evidence suggests that oocyte maturation in vitro is an indirect result of isolation from follicular inhibitory influences. This idea is supported by studies demonstrating inhibition of spontaneous oocyte maturation by various follicular components. For instance, several laboratories have shown that grafting oocytes to follicle walls prevents the resumption of maturation (3) (4) (5) , and a similar effect has been reported following co-culture of oocytes with granulosa cells (6, 7) . Since the initial observation by Chang (8) in 1955 that rabbit follicular fluid suppressed the maturation of rabbit oocytes in vitro, one of the most controversial areas of research in this field has been the identity of a putative oocyte maturation inhibitor within follicular fluid. Tsafriri et al. (7, 9) studied the possible role of porcine follicular fluid (PFF) as a regulator of meiosis and concluded that a small, heat-stable peptide was the active substance in follicular fluid. Following these pioneering studies, the presence of a follicular fluid inhibitor was confirmed in several species (10) (11) (12) , and follicle cells have been identified as the source of inhibitor (6, (13) (14) (15) . Despite an abundance of data supporting the original findings of Chang (8) , several laboratories have failed to detect inhibitory activity in follicular fluid (6, (16) (17) (18) . However, these discrepancies may be due to differences in experimental design and/or the physiological condition of the follicles from which oocytes and follicular fluid were obtained (19, 20) .
We have recently demonstrated that a component of PFF exerts a transient inhibitory effect on mouse oocyte maturation in vitro that is significantly potentiated by cyclic adenosine monophosphate (cAMP) (19) . These data are supported by studies with rat oocytes using human follicular fluid (21, 22) . We established that the inhibitory PFF component has a molecular weight of <1000 and is removed by charcoal extraction (19) . In the present communication, the inhibitory component(s) of a low molecular weight fraction (<1000) of PFF has been characterized, using UV absorption spectra and ion-exchange and HPLC. Evidence is presented that demonstrates that the inhibitory activity of PFF on mouse oocyte maturation is due, almost entirely, to hypoxanthine.
MATERIALS AND METHODS
Preparation of Follicular Fluid Fractions. PFF was the kind gift of G. Bialy from the National Institutes of Health. PFF was first centrifuged to remove particulate debris and a low molecular weight fraction was prepared by dialyzing the supernatant against 10 vol of distilled water, using dialysis tubing with a nominal molecular weight cutoff of 1000. The dialysate was lyophilized and reconstituted in distilled water to its original concentration. This PFF preparation was subsequently used for all experiments.
The low molecular weight PFF fraction was applied to a Bio-Rad AG 1-X8 (200-400 mesh) ion-exchange column in the formate form and subjected to linear gradient elution with formic acid. In a typical run, 9 ml of the low molecular weight PFF fraction was placed on a 1.5 X 15 cm column, washed in with 10 ml of distilled water and eluted with a gradient of 100 ml of water in the mixing vessel and 100 ml of 0.5 M formic acid in the reservoir. Five-milliliter fractions were collected and the UV absorption of each was estabAbbreviations: PFF, porcine follicular fluid; Bt2cAMP, N6,02'-dibutyryl-cAMP; FSH, follicle-stimulating hormone; GVBD, germinal vesicle breakdown.
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lished on a Beckman DU-7 spectrophotometer. In one series of experiments, each fraction was lyophilized, reconstituted to 1.8 ml with phosphate-buffered saline (P,/NaCl) and assayed for oocyte maturation inhibitory activity at a dilution of 50 ,ul/ml. In another series of experiments, individual fractions with identical spectral properties as judged by the maximal and minimal absorbance and the 250:260 and 260:280 ratios were pooled and evaporated to dryness. Further chromatographic separation and the final identification was established via HPLC of the reconstituted lyophilized material (in P,/NaCl), using an Altex ultrasphere ODS reversed phase column with 100 mM phosphate buffer (pH 2.9) as eluting agent and an elution rate of 1 ml/min (23) . Peaks were monitored at 205 nm using an ISCO variable wavelength detector. When purity and spectral properties of each component were established, quantification was obtained based on the specific absorbance of each compound at 260 nm. Following determination of the identity and concentration of the four major peaks, the potency of these substances as oocyte maturation inhibitors was determined utilizing commercial preparations of these compounds.
Assay System for Putative Oocyte Maturation Inhibitors. Previous studies showed a dramatic synergistic action of cAMP and a low molecular weight component(s) of PFF in the inhibition of mouse oocyte maturation (19) . Therefore, putative maturation inhibitory substances were tested for inhibitory activity when used alone and when cAMP levels of the oocyte-cumulus cell complex were elevated either with the membrane permeable analog of cAMP, N6,02'-dibutyryl-cAMP (Bt2cAMP), or with follicle-stimulating hormone (FSH) as described (19) .
All experiments utilized oocyte-cumulus cell complexes isolated from 23-to 25-day-old (C57BL/6J x LT/Sv)Fl mice injected 48 hr previously with pregnant mare serum gonadotropin (Organon). The isolation and culture procedures were carried out as described (19) . The osmolarity of all media was maintained at 290 + 10 mosM/kg as measured by a Wescor vapor pressure osmometer.
All purines, pyrimidines, and Bt2cAMP were obtained from Sigma and, unless otherwise stated, were dissolved directly in culture medium. FSH (rat FSH-B-2) was the generous gift of the Pituitary Hormone Distribution Program of the National Institute of Arthritis, Diabetes, and Digestive and Kidney Diseases.
RESULTS
Spectral analysis of the low molecular weight PFF fraction revealed a broad absorbance peak between 250 and 260 nm. We previously reported that charcoal extraction removed the inhibitory action of PFF on mouse oocyte maturation (19) . Thus, we performed an experiment to compare this loss of inhibition following charcoal extraction with changes in absorbance. The low molecular weight PFF fraction was charcoal-extracted by adding 10 mg of charcoal per ml and incubating 2 hr in a gyratory water bath at 55°C. A control PFF fraction received the identical treatment without charcoal. Oocytes were cultured either (i) 1 hr in minimal essential medium (ME medium) or ME medium containing 50% control or charcoal-extracted PFF or (ii) 3 hr in identical medium, with or without 100 ,uM Bt2cAMP. Although PFF alone transiently suppresses germinal vesicle breakdown (GVBD) in mouse oocytes, elevating cAMP in the oocytecumulus cell complex greatly potentiates the inhibitory effect of PFF (19) . Therefore, the addition of Bt2cAMP to PFF-containing medium tests for this synergistic inhibition. 95 56a
1.5 1.0 0.3 Cumulus cell-enclosed oocytes were cultured 1 or 3 hr in ME medium or ME medium containing 50% control or charcoalextracted (CE) PFF, in the presence or absence of 100 AM Bt2-cAMP. The experiment was performed twice with at least 50 oocytes per group per experiment, and data were pooled. *Numbers within each vertical column with different superscripts are significantly different (P < 0.01) by x2 analysis. dium containing control PFF alone had undergone GVBD. In Bt2cAMP-supplemented medium, 68% of the oocytes had matured by 3 hr. The inclusion of 50o control PFF with Bt2cAMP, however, completely suppressed GVBD. Charcoal extraction caused a significant reduction in the inhibitory effect of PFF, both in the 1-hr culture without Bt2cAMP and in the 3-hr culture with Bt2cAMP. In addition, the absorbance of the PFF fraction was reduced by >90% at 250, 260, and 280 nm. Therefore, the loss of inhibitory activity following charcoal extraction, taken together with the reduction in absorbance at these wavelengths, suggests that the inhibitory PFF factor is a molecule(s) that absorbs maximally in the 250-to 260-nm range.
In the next series of experiments, the low molecular weight PFF preparation was fractionated by ion-exchange chromatography, and individual fractions were lyophilized, reconstituted in P,/NaCl, and tested for oocyte maturation inhibitory activity. Oocytes were cultured 3 hr in medium containing the individual fraction with 100 ,uM Bt2cAMP. The first fraction did not significantly affect oocyte maturation and served as the control with which all subsequent fractions were compared. The percent inhibition of maturation was determined for each fraction by dividing the difference in percent maturation between the test and control groups by the percent maturation in the control group and multiplying by 100. For example, if 60% of the oocytes matured in the control group and 30% matured in the test group, then the percent inhibition was [(60 -30)/60] x 100, or 50%. For each fraction, the percent inhibition was plotted along with the absorbance of the fraction at 260 nm, a wavelength commonly used to detect purines (Fig. 1) . Each point represents the mean + SEM of at least three determinations. Inhibitory activity was detected in several early fractions, but the majority of the activity appeared in later fractions. The greatest inhibitory activity was present in fractions 16 and 17, with a gradual reduction in later fractions, which correlated with decreased absorbance at 260 nm.
We believe that the inhibitory activity observed in fractions 3 and 4 may be due, at least in part, to unfavorable culture conditions, for the following reasons. (i) When the individual fractions were lyophilized, a majority of the solute appeared in these two fractions. Consequently, in adjusting for osmolarity, these two fractions were reconstituted in water instead of Pi/NaCl at three times the volume of the other fractions. Therefore, to obtain the comparable concentration of these fractions in test medium, three times the amount of reconstituted sample was added to the medium (final concentration of 150 .ll/ml instead of 50 ,ul/ml). These differences may have adversely affected maturation apart from the presence of inhibitor. (ii) Only a partial loss of inhibitory activity occurred when these two fractions were pooled and charcoal extracted; the percent inhibition of maturation in 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 FRACTION NUMBER the control group was 46% compared to 24% in the charcoalextracted group (mean of two determinations). On the other hand, when fractions [16] [17] [18] [19] [20] were pooled and charcoal-extracted, inhibition was eliminated: 38% inhibition of maturation in the control group versus 0% in the charcoal-extracted group (mean of two determinations). (iii) Very little absorbance at 260 nm was detected in these fractions. Alternatively, it is possible that an inhibitory substance exists in fractions 3 and 4 that is not extracted by charcoal and does not absorb at 260 nm. On a separate ion-exchange chromatography separation, fractions with identical spectral properties were pooled and characterized, producing four major pooled fractions. Tubes 3-5 (fraction A) had a very low absorbance with a maximum at 260 nm. HPLC analysis established that this fraction was impure but that 80% of the UV-absorbing material in these tubes was adenine. Fraction B, collected in tubes 10-12, absorbed maximally at 260 nm and had spectral properties identical to uracil. HPLC analysis established that this fraction represented a single compound with the retention time of pure uracil. Fraction C, collected in tubes 13-16, absorbed maximally at 250 nm and had the spectral properties of hypoxanthine. Again, HPLC analysis established that this fraction had a single component with a retention time identical to that of authentic hypoxanthine. Fraction D, collected in tubes 20-26, absorbed maximally at 266 nm and proved to be a single compound identified as 7-methylinosine by spectral and HPLC comparison with the authentic compound.
The concentration of each of these components in PFF was estimated to be 0.06 mM adenine, 0.44 mM uracil, 1.41 mM hypoxanthine, and 0.19 mM 7-methylinosine. The maturation-inhibiting potency of pooled fraction C, identified as hypoxanthine, was compared to that of a commercial preparation of hypoxanthine. The pooled fraction C was lyophilized and reconstituted in ME medium at concentrations of 0.1 and 1.0 mM. Oocytes were cultured for 3 hr in ME medium or ME medium containing fraction C or a commercial preparation of hypoxanthine, with or without 100 ,uM Bt2cAMP. These data are presented in Fig. 2 . The PFF fraction C ( Fig. 2A ) produced significant inhibition of oocyte maturation when added to Bt2cAMP-containing medium in concentrations comparable to that found in the original PFF sample. Commercial hypoxanthine (Fig. 2B) , when tested at concentrations identical to fraction C, inhibited maturation to the same extent. Thus, there was excellent agreement in inhibitory potency between fraction C and the commercial hypoxanthine preparation. In addition, when oocytes were treated 3 hr with 100 pxM Bt2cAMP with 10%o PFF, 27% of the oocytes matured (n = 304); this compares favorably with the percent maturation after 3 hr in 100 AM Bt2cAMP Comparison of the inhibitory potency of pooled fraction C (hypoxanthine) with a commercial preparation of hypoxanthine. The pooled chromatography fraction C, identified as hypoxanthine, was 1yophilized and reconstituted in ME medium. Cumulus cell-enclosed oocytes were cultured 3 hr in control ME medium or ME medium supplemented with fraction C (A) or a commercial preparation of hypoxanthine (B), with (solid bars) or without (striped bars) 100 juM Bt2cAMP. "a," Significant difference (P < 0.01) from control without Bt2cAMP; "b," significant difference (P < 0.01) from Bt2cAMP control, by x2 analysis.
Proc. NatL Acad Sci. USA 82 (1985) FRACTION C HYPOXANTHI NE 0.1 mM hypoxanthine (37%), which is -10% of its calculated concentration in PFF. Therefore, hypoxanthine can apparently account for almost all of the inhibitory activity in the low molecular weight PFF preparation. We have previously shown (19) that PFF synergizes with FSH to inhibit mouse oocyte maturation. Therefore, commercial hypoxanthine was tested for a similar synergistic interaction with FSH. Oocytes were cultured for varying periods of time from 1 to 4 hr in ME medium or ME medium containing 1 mM hypoxanthine, 2.5 jig of FSH per ml, or 1 mM hypoxanthine with 2.5 jig of FSH per ml. As shown in Fig. 3 , both hypoxanthine and FSH alone transiently inhibited oocyte maturation, and these two agents together synergized dramatically to inhibit maturation. These results are consistent with the response of oocytes to PFF and FSH as reported (19) .
We also tested commercial preparations of adenine, uracil, and 7-methylinosine, in a dose range of 0.1-2.0 mM, for their efficacy as maturation inhibitors. Oocytes were cultured 3 hr in ME medium or ME medium supplemented with the respective compound, with or without 100 ,uM Bt2-cAMP. None of the compounds, at any of the concentrations tested, significantly affected maturation in Bt2cAMP-free medium (>90% GVBD in all groups). 7-Methylinosine with Bt2cAMP was not significantly inhibitory at any of the concentrations tested (55% GVBD at 2 mM compared to 74% in the control containing Bt2cAMP alone; P > 0.05). Uracil with Bt2cAMP was significantly inhibitory (P < 0.01) only at 2 mM (51% GVBD), and adenine with Bt2cAMP almost completely suppressed maturation at 1 mM (2% GVBD; P < 0.01). Due to its low solubility, adenine was not tested at 2 mM. Based upon the relative potencies of the compounds and their relative concentrations in the low molecular weight fraction of PFF, hypoxanthine appears to be the major inhibitory component.
Since the major fractions of the low molecular weight PFF preparation were identified as purines and pyrimidines, we compared the efficacy of common purine and pyrimidine cultured 3 hr in ME medium (control) or ME medium containing the respective compound, with or without 100 A.M Bt2cAMP. All compounds were dissolved directly in medium except adenine and guanine, which were added to medium in a saline solution that did not exceed 20% of the final volume of the medium. The saline solution itself did not significantly inhibit oocyte maturation. *Guanine was tested at a concentration of 0.5 mM due to its low solubility.
bases and their nucleosides as oocyte maturation inhibitors. All agents were tested at a concentration of 1 mM in the presence or absence of 100 ,uM Bt2cAMP, and oocytes were cultured for 3 hr. These data are presented in Table 2 . Of the commercial compounds tested, inhibitory efficacies were as follows, in order of decreasing potency: purine bases > purine nucleosides > pyrimidine bases = pyrimidine nucleosides. (ii) The maintenance of meiotic arrest has been correlated with elevated cAMP levels in the oocyte-cumulus cell complex (24) (25) (26) (27) (28) . One way to maintain cAMP levels is by inhibition of cAMP phosphodiesterase activity, and hypoxanthine (like other xanthines) is an inhibitor of this enzyme (29) . The results presented herein now enable the testing of potential mechanisms of meiotic control utilizing a specific follicular fluid molecule of proven inhibitory capability and represent an important step in the elucidation of the follicular control of meiosis.
DISCUSSION
The oocyte maturation inhibitor present in follicular fluid was previously characterized as a low molecular weight, heat-stable, protease-sensitive molecule (9, 11, 12, 30) . Similarly, previous results from our laboratory indicated that the PFF inhibitory component is heat-stable and has a molecular weight of <1000 (19) . However, we could not reduce its inhibitory activity by Pronase or trypsin treatment, which suggested that the inhibitor is not a peptide. Similar results were obtained by Chari et al. (21) using human follicular fluid. In the present study, we have employed various biochemical methods to identify and quantify the compound(s) responsible for the inhibitory activity of PFF. The results of these studies provide compelling evidence that the predominant inhibitory molecule in the low molecular weight PFF preparation is not a peptide but, rather, the purine hypoxanthine. This conclusion is based on our findings that the potent inhibitory fractions (pooled fraction C) from ion-exchange chromatography of PFF (i) had an absorption maximum (250 nm) identical to that of hypoxanthine; (ii) had the retention time on HPLC of pure hypoxanthine; (iii) exhibited inhibitory potency identical to that of a commercial preparation of hypoxanthine; and (iv) could account for the majority of the inhibitory activity of PFF. In addition, commercial hypoxanthine mimicked the action of PFF in that it produced a transient suppression of oocyte maturation that was potentiated by both Bt2cAMP and FSH. Further indirect support comes from the close correlation between the loss of absorbance at 250 nm and decreased oocyte maturation inhibitory activity following charcoal extraction of the crude low molecular weight PFF preparation. Moreover, preliminary experiments have demonstrated that mouse follicular fluid also inhibits mouse oocyte maturation and contains high levels of hypoxanthine.
It is likely that other purine and pyrimidine derivatives contribute to the total inhibitory effect of the follicular fluid. A heterogeneous mixture of these compounds was detected in PFF, and most purine and pyrimidine derivatives tested displayed at least a partial inhibitory effect on mouse oocyte maturation. Also, it is possible that purines and/or pyrimidines not secreted into the follicular fluid, but transported directly between follicle cells and the oocyte, participate in the maintenance of meiotic arrest in vivo. This idea is supported by the fact that guanine and guanosine were not detected in follicular fluid but were two of the more potent compounds tested in terms of oocyte maturation inhibition. In addition, oocyte maturation can be inhibited in vitro by various follicular constituents, in the absence of follicular fluid (3-7). We also cannot preclude the possibility that other types of molecules such as peptides (9, 12, 15) play a role in the control of meiotic arrest, whether present in follicular fluid or restricted to the follicle cell/oocyte syncytium. Therefore, although follicular fluid contains substances that can inhibit oocyte maturation, other factors may participate in the physiological maintenance of meiotic arrest in vivo.
The studies herein precisely identify components of a low molecular weight fraction of PFF that suppress the spontaneous maturation of cultured murine oocytes. Moreover, the major inhibitory component, hypoxanthine, is present in follicular fluid at a concentration (1.41 mM) that has inhibitory activity. This identification and quantification is critical in view of the controversial atmosphere surrounding follicular oocyte maturation inhibitors. It will be important to establish if similar inhibitory compounds exist in follicular fluid from other mammalian species, if mammalian oocytes are universally sensitive to the inhibitory effects of hypoxanthine and related molecules, and if other types of molecules present in follicular fluid also play a role in the maintenance of meiotic arrest.
